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ABSTRACT
Fire safety, aviation, wind energy, and structural-engineering operations are impacted by thunderstorm
outflow boundaries or gust fronts (GFs) particularly when they occur in mountainous terrain. For example,
during the 2013 Arizona Yarnell Hill Fire, 19 firefighters were killed as a result of sudden changes in fire
behavior triggered by a passing GF. Knowledge of GF behavior in complex terrain also determines departure
and landing operations at nearby airports, and GFs can induce exceptional structural loads on wind turbines.
While most examinations of GF characteristics focus on well-organized convection in areas such as the Great
Plains, here the investigation is broadened to explore GF characteristics that evolve near the complex terrain
of the Colorado Rocky Mountains. Using in situ observations from meteorological towers, as well as data
from wind-profiling lidars and a microwave radiometer, 24 GF events are assessed to quantify changes in
wind, temperature, humidity, and turbulence in the lowest 300 m AGL as these GFs passed over the instruments. The changes in magnitude for all variables are on average weaker in the Colorado Front Range
than those typically observed from organized, severe storms in flatter regions. Most events from this study
experience an increase in wind speed from 1 to 8 m s21, relative humidity from 1% to 8%, and weak vertical
motion from 0.3 to 3.6 m s21 during GF passage while temperature drops by 0.28–38C and turbulent kinetic
energy peaks at .4 m2 s22. Vertical profiles reveal that these changes vary little with height in the
lowest 300 m.

1. Introduction
Forecasting and monitoring the potential for severe
wind damage associated with thunderstorm outflow
boundaries or gust fronts (GFs) are important for structural and personal safety across a variety of sectors such as
aviation, structural engineering, wind energy, the wildland
fire community, and the emergency response community.
A GF is the leading edge of cold air propagating horizontally away from a thunderstorm (Simpson 1969;
Droegemeier and Wilhelmson 1987). The pool of cold
air results from the evaporation of liquid water and the
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melting and sublimation of frozen hydrometers (e.g.,
hail or graupel) in the thunderstorm downdraft. Despite
increased interest in understanding the evolution of GFs,
few observations exist of GF effects on atmospheric
properties (wind, temperature, humidity, turbulence)
in mountainous terrain because of the limitation and
sparsity of weather observations. Most observational
GF studies focus on orographically flat regions such as
the U.S. Great Plains (e.g., Charba 1974; Craig Goff
1976; Engerer et al. 2008; Bryan and Parker 2010). These
studies mainly analyze GFs from organized thunderstorms such as supercell thunderstorms, squall lines,
or mesoscale convective systems (MCSs). In and near
complex terrain, however, thunderstorms are usually
less organized as single cell and multicell thunderstorms
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(Bunkers et al. 2006; Keighton et al. 2007; Parker and
Ahijevych 2007; Schneider 2009; Ashley et al. 2019).
In this study, we analyze the changes in atmospheric
properties of 24 GFs observed with remote sensing and
in situ instruments in the Colorado Front Range with the
goal of identifying and comparing atmospheric properties of GFs near complex terrain with those observed in
flat terrain.
GFs can be associated with strong turbulence and
rapid wind increase and shear creating potential dangers
to humans and structures. During the 2013 Yarnell Hill
Fire in Arizona, for example, 19 firefighters were killed
because of rapid and severe changes to the fire’s behavior, driven by a GF moving over the fire (Hardy and
Comfort 2015; Paez et al. 2015). Tragic events such as
this one give incentive to the wildland fire community
and emergency responders to better understand the
evolution of GFs in areas of complex terrain (Joint Fire
Science Program 2017). Similarly, GFs can exert loads
on structures such as buildings and wind turbines, motivating attention from the structural-engineering community (Chay et al. 2006; Kwon and Kareem 2009;
Lombardo et al. 2014, 2018; Solari et al. 2015). Vertical
wind shear and turbulence can directly impact the productivity of a wind turbine and influence the lifetime
of its rotor blades and other components (Manwell et al.
2002; International Electrotechnical Commission 2005;
Nguyen et al. 2011; Lu et al. 2019). Wind turbine design
engineers are, therefore, concerned with potential structural damage from interactions with strong GFs (Letchford
et al. 2002; Solari 2014; Lombardo et al. 2018). The duration of the peak wind gusts and turbulence associated with
GF passage also has a critical role in the response of
structures to wind loading (Kwon and Kareem 2009;
Lombardo et al. 2018; Zhang et al. 2018). Engineers
must understand both the intensity of wind speeds associated with GFs as well as the duration over which
structures are exposed to peak gusts and turbulence.
GFs often behave like density or gravity currents
(Benjamin 1968; Charba 1974; Sasaki and Baxter 1986;
Friedrich et al. 2005; Bryan and Rotunno 2008). On their
leading edge, a noselike shape forms that tends to be
deeper and marks the region where the strongest lift and
convergence between the outflow and environmental air
occurs. GFs are typically on the order of 0.5–2 km deep;
however, this depth can range between 100 m and 4 km,
depending on the strength and distance from the downdraft source (Cotton et al. 2011). For example, GF depth
associated with MCSs have been observed to be greater
than 4 km (Bryan 2005; Bryan and Parker 2010). As a GF
passes over a meteorological weather station, observations typically report an abrupt change in wind direction
and speed, a decrease in temperature, and an increase in
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humidity (Simpson 1969; Charba 1974; Craig Goff 1976;
Fujita 1981; Droegemeier and Wilhelmson 1987; Lompar
et al. 2018). The intensity of such changes is proportional
to the strength and depth of the passing GF. Few observational studies on GF behavior in mountainous or nearmountainous terrain exist (Mahoney 1988; Bidokhti and
Bani-Hashem 2001; Kishcha et al. 2016). Most of these
GFs originated from thunderstorms that are less organized
compared to GFs from MCSs or supercell thunderstorms
often studied in the U.S. Great Plains. The lack of organization in mountainous or near-mountainous thunderstorms
can be linked to reduced temperatures, low-level moisture,
and surface-based instability compared to lower elevations
(Bunkers et al. 2006; Keighton et al. 2007; Schneider 2009).
However, given the increase in high-impact wind-driven
wildfire events in recent years, there is a need to study
GFs from less-organized thunderstorms that initiate in
areas of complex or near-complex terrain.
Motivated by the need to better comprehend GF
characteristics in and near mountainous terrain, this
study quantifies the duration and magnitude of shifts in
temperature, wind, turbulence, and moisture associated
with GFs and how these characteristics vary with height
in the lowest 300 m above ground level (AGL). Section 2
discusses the datasets used, including location, instrumentation, and local physiography for each of the two
study sites. Section 3 discusses methods emphasizing the
detection, quantification, and statistical techniques used
to assess GFs in this study. Results are presented in
section 4. Discussion of the results and how they compare to GFs observed in flat terrain is found in section 5.
Conclusions and suggestions for future work are discussed in section 6.

2. Study sites and instruments
a. Colorado study site descriptions
Data from two field campaigns conducted along the
Colorado Front Range (Fig. 1) are used for this analysis.
The first dataset consists of measurements from in situ
and remote sensing instruments that were deployed
during the Experimental Planetary Boundary Layer
Instrument Assessment (XPIA) campaign (Lundquist
et al. 2017; https://a2e.energy.gov/projects/xpia), which
took place from 1 May to 30 June 2015. The XPIA campaign was located at the Boulder Atmospheric Observatory
(BAO; Fig. 1). The BAO (Kaimal and Gaynor 1983; Wolfe
and Lataitis 2018) is located about 25 km east of the eastern
slopes of the Rocky Mountains and 25 km north of downtown Denver, Colorado, at an elevation of 1584 m above
mean sea level (MSL). The second dataset consists of
measurements from an instrument comparison campaign
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FIG. 1. Topographic map showing the Colorado Front Range study site locations:
BAO and NWTC. The location of the NWS Denver (KFTG) NEXRAD site is shown as
a filled red circle. Rose diagrams at each site indicate the number of gust fronts (range
values), the direction from which the GFs propagated, and their propagation speeds
(m s21 ; color coded).

conducted at the National Wind Technology Center
(NWTC) at the National Renewable Energy Laboratory
(Fig. 1), also along the Colorado Front Range. Covered
mostly by short grass, the NWTC is located about 4 km
east of the eastern slopes of the Rocky Mountains and
20 km northwest of Denver and is situated at 1852 m
MSL (Clifton and Lundquist 2012; Clifton et al. 2013;
Aitken et al. 2014). Some instruments only operated
for a limited time between 1 May and 31 August 2012,
1 June and 30 June 2013, and 1 May and 30 June 2014.
Both sites are located on slightly elevated hills and are
frequently influenced by terrain-channeled drainage flow,
downsloping katabatic winds, or general terrain-induced
diurnal circulations from the nearby Colorado Front Range
mountains (Banta et al. 1993; Clifton and Lundquist 2012).
Thunderstorms that develop near these sites also tend to
be weaker and less organized until they propagate into
far eastern Colorado where the terrain is less rugged
and organization is more favorable (Cotton et al. 1983;
McAnelly and Cotton 1986; Tucker and Crook 1999).

b. Description of in situ research instruments
In situ observations from one meteorological tower at
the BAO and two towers at the NWTC are used in this
study (Table 1). The 300-m BAO tower provides wind,
temperature, and relative humidity measurements at
2, 10, 100, and 300 m AGL every 1 min (Kaimal and
Gaynor 1983; Wolfe and Lataitis 2018). Vaisala HMP
temperature and relative humidity probes have accuracies of 60.18C and 60.8%. Horizontal wind is measured

every 2 s at 10 and 100 m AGL using prop vane anemometers and at 300 m using a 2D sonic anemometer
with accuracies of 60.1 m s21 for wind speed and 618
for wind direction. In addition, two 3D sonic anemometers (Campbell CSAT3) providing vertical and
horizontal wind and six Sensiron SHT75 solid-state
temperature/relative humidity sensors were also deployed at six levels (for measurement heights and
accuracy, see Table 1). Anemometers are deployed
on two boom arms, pointing at 3348 and 1548 from
north, respectively. Inaccuracies and biases in wind
and turbulence measurements are introduced when
the tower structure is in the wake of the ambient flow
(McCaffrey et al. 2017). To avoid impacts from the
tower on wind measurements, we only consider winds
between 258 and 1008 and 1758 and 3008 following
McCaffrey et al. (2017), which reduces the wind analysis
by four events.
Wind observations from all anemometers are used to
derive turbulence intensity (TI); TI is the ratio of the
standard deviation of the horizontal wind speed (sy; m s21)
and the mean horizontal wind speed ( V; m s21), both
averaged over 2 min:
TI 5 sy / V .

(1)

In this study, we will discuss maximum and mean TI
during the time of GF passage. The 3D wind field from the
sonic anemometers is also used to assess the turbulence
kinetic energy (TKE):

Unauthenticated | Downloaded 01/09/23 08:27 AM UTC

3270

MONTHLY WEATHER REVIEW

VOLUME 148

TABLE 1. Research instruments deployed along the Colorado Front Range and their instrument specifics. The first four rows highlight the
tower and in situ instruments. The bottom three rows highlight the remote sensing instruments.

Instrument/facility

Output
frequency
(min)

BAO 300-m meteorological tower—XPIA

1

BAO additional instruments (Campbell
CSAT3 3D sonic anemometers;
Sensiron SHT75 solid-state temperature
and humidity probes)—XPIA

1

National Wind Technology Center (M2)
tower with T-200 A temperature probe
and Met One WS-201 wind sensor
system—NWTC
NREL National Wind Technology Center
(M4) tower with T-200 A
temperature probe, Met One SS-201 cup
anemometers, Met One SD-201 wind
vanes, ATI ‘‘K’’ Type 3D sonic anemometers, and AIR AB-2AX pressure
probe—NWTC
Leosphere/NRG WindCube, version 1
(v1), profiling lidars (WC68)—NWTC

1

1

1

Leosphere/NRG WindCube, version 2
(v2), profiling lidars (WC16)—XPIA

1

Microwave radiometer–Radiometrics
MWR-3000A—XPIA/NWTC

2

TKE 5 0:5(u0 u0 1 y 0 y 0 1 w0 w0 ) .

Measurement
heights (m) AGL

Variables measured/derived

2, 10, 100, and 300 u and y component of wind,
turbulence intensity,
temperature, and relative
humidity
50, 100, 150, 200, u, y, and w component of
250, and 300
wind, turbulence intensity,
turbulent kinetic energy,
temperature, and relative
humidity
2, 5, 10, 20, 50,
u and y component of wind,
and 80
turbulence intensity,
temperature, and 2-m
relative humidity
3, 10, 15, 26, 30, 50, u, y, and w component of
76, 80, 88, 100,
wind, turbulence intensity,
131, and 134
turbulent kinetic energy,
temperature, and relative
humidity

Accuracy
Temperature: 60.18C,
relative humidity: 0.8%,
wind speed: 60.1 m s21,
and wind direction: 618
Temperature: 60.18C,
horizontal wind speed:
6 0.08m s21, and vertical
wind speed: 60.04 m s21
Temperature: 60.18C, wind
speed: 60.5 m s21, and
wind direction: 63.68
Temperature: 60.18C,
cup—wind speed:
60.5 m s21, sonic—wind
speed: 60.01 m s21, and
wind direction: 63.68

40, 60, 80, 100, 120, u, y, and w component of
Wind speed: 60.05 m s21
140, 160, 180, 200,
wind, turbulence intensity,
and 220
and turbulent kinetic
energy
40, 50, 60, 80, 100, u, y, and w component of
Wind speed: 60.05 m s21
120, 140, 160, 180,
wind, turbulence intensity,
and 200
and turbulent kinetic
energy
50–6000 m by 50-m Temperature; relative
Temperature: 618C
intervals
humidity

(2)

The variance of the wind components (u0 , y0 , and w0 ) is
calculated over 2-min intervals, and we then calculate
the maximum and mean TKE over the duration of GF
passage.
In addition to the BAO towers, two meteorological
towers at the NWTC (M2 and M4) are used in this
analysis. At the NWTC M2 tower, wind every 2 s is
sampled using Met One WS-201 instruments from which
1-min winds, maximum and mean TI are derived (specifics listed in Table 1). Met One T-200A temperature
sensors sample every 2 s at only 2, 50, and 80 m AGL
with 1-min average output and accuracies of 60.18C.
Relative humidity and dewpoint temperature are sampled at 2 m every 2 s and averaged to 1-min output (Jager
and Andreas 1996; Johnson and Kelley 2000).
Observations from the NWTC M4 tower (Clifton
et al. 2013) include Met One SS-201 cup anemometers
and Met One SD-201 wind vanes that measure horizontal
wind at 3, 10, 26, 88, and 134 m AGL with accuracies of

0.5 m s21 and 3.68. In addition, 3D ATI ‘‘K’’-Type sonic
anemometers are mounted at 15, 30, 50, 76, 100, and
131 m AGL with accuracies of 0.01 m s21. Maximum and
mean TI are calculated from the cup anemometer observations, while maximum and mean TKE are derived
from the 3D sonic anemometers. Temperature is measured at 3, 26, and 88 m AGL using a Met One T-200A
probe and at 15, 30, 50, 76, 100, and 131 m AGL using the
ATI K-Type sonic anemometers with accuracies of
60.18C for both instruments. Last, dewpoint temperature using a Therm-x 9400ASTD sensor and relative
humidity are available at 3, 26, and 88 m AGL. All M-4
tower instruments sample at 20 Hz averaged to 1-min
output (Clifton et al. 2013; Clifton 2014). To avoid
tower-wake impacts (Clifton 2014), we only consider
winds between 258 and 1008 and 1758 and 3008; we
removed one event at the NWTC.

c. Description of remote sensing research instruments
In addition to tower observations, both sites use a
Radiometrics MWR-3000A microwave radiometer and
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Leosphere/NRG WindCube lidars. A summary description of the microwave radiometer and WindCube lidars
and their operations, including temporal and spatial resolution, as well as accuracy at each site, are shown in
Table 1 and in Friedrich et al. (2012), Bianco et al. (2017),
and Lundquist et al. (2017). The Radiometrics MWR3000A microwave radiometer provides vertical profiles of
temperature and relative humidity (Solheim et al. 1998a,
1998b; Rosenkranz 1998). Vertical profiles of temperature and relative humidity are derived at 2-min intervals
using a radiative transfer model and a 5-yr radiosonde
climatology for Denver. Accuracy of the temperature
retrieval was found to be within 618C below 300 m AGL
based on tower, radiosonde, and radiometer temperature
intercomparisons at the NWTC and BAO (Friedrich
et al. 2012; Lundquist et al. 2017; Bianco et al. 2017).
Here, we use radiometer-retrieved temperature and
humidity at 50, 100, 150, and 300 m AGL to quantify
changes in thermodynamics near the surface, and temperature up to 6 km to quantify the depth of cold air
behind the leading edge of each GF.
Both sites also utilized measurements from Leosphere/NRG
WindCube lidars. For events at the NWTC, data from a
WindCube, version 1 (v1), profiling lidar (WC68) are
used. The WindCube v1 lidar operates at the 1.5-mm
wavelength and samples line-of-sight (LOS) velocities
across four cardinal directions each angled at 288 from
zenith. Each angled beam simultaneously samples 10
range gates (see Table 1 for measurement range heights)
(Courtney et al. 2008; Lundquist et al. 2017). The v1 lidar derives horizontal and vertical velocities every 1 Hz
using a Doppler beam swinging (DBS) approach [see
Eqs. (1)–(3) in Lundquist et al. 2015] that are averaged
to 1-min intervals. In the DBS approach, the backscattered radiation will create a shift in the frequency
based on how rapidly particles are moving away or toward the lidar along each LOS. Vertical profiles of the
LOS velocity can then be calculated by shifting the beam
between the four radial wind directions, and by taking
the difference between the arrival time of the backscatter and the initiation of the pulse at each measurement height (Lundquist et al. 2015). Using DBS-based
wind field and its variance, the maximum and mean lidar
TI and TKE (Rhodes and Lundquist 2013) are derived
using Eqs. (1) and (2) at all available lidar heights. The
WindCube v2 lidar, deployed during XPIA, is similar to
the v1 version but operates with an additional fifth beam
pointed at the zenith, which directly measures the vertical
wind component. The v2 lidar sampling heights, different
than the v1 lidar, and ranges are listed in Table 1 (Bodini
et al. 2018). The accuracy of lidar-derived wind velocities
is a function of an assumed horizontal homogeneity
across the scanning cone at each height. In coastal flat

areas, the WindCube accuracy is 60.05 m s21 with a
standard deviation of 0.15 m s21 in sheared conditions
(Sathe et al. 2011).

3. Methods
Gust front detection and magnitude and rate
change calculation
Weather radars identify the leading edge of GFs as
a line of enhanced radar reflectivity (also known as
the radar fine line; Rauber and Nesbitt 2018). As the
spreading cold air associated with a GF travels away
from the parent thunderstorm, the air ahead of an advancing GF is lifted, insects and dust are lofted, and a
shelf cloud can form, which become detectable by radar
(Fig. 2; Wilson and Schreiber 1986; Rauber and Nesbitt
2018). To detect radar fine lines in this study, we use
Level II radar reflectivity at the lowest elevation angle of
0.58 observed from the Next Generation Weather Radar
(NEXRAD) located at Denver (KFTG; Fig. 1). Level
III radar products and Level II data are used to characterize the parent thunderstorms. Because KFTG is
about 48 and 59 km southeast of the BAO and NWTC,
respectively, the height of the lowest radar beam is
about 0.6 km AGL over the BAO site and about 0.7 km
AGL over the NWTC site. To determine GF events, we
first identify days during the campaigns when thunderstorms developed in the vicinity of the instrument sites.
Next, we classify GF events by visually identifying lines
of enhanced (5–25 dBZ) reflectivity (Wilson and Schreiber
1986; Koch and Ray 1997) traveling away from parent
thunderstorms and passing over the instruments (Fig. 2).
During the XPIA and NWTC instrument operations, we
identified 12 GFs passing over the NWTC and 12 GFs
passing over the BAO. Radar observations are used to
(i) characterize the parent thunderstorm (thunderstorm
type, size, strength, and duration), (ii) analyze radarbased GF characteristics (propagation speed and direction and distance from parent thunderstorm at time
of passage), and (iii) determine the relative time the GF
passed over the instruments.
Parent thunderstorms are classified as single-cell,
multicell, or supercell thunderstorms following Smith
et al. (2012). We also characterize each parent thunderstorm 10 min prior to the time we first detect the
radar fine line to compare among each case but also to
compare the results to other studies. These characteristics include the maximum height at which radar reflectivity Z $ 18 dBZ (radar echo tops), maximum
rainfall rate between the lowest and highest scan angle,
and the areal extent of Z $ 35 dBZ at the lowest scan
angle of each parent thunderstorm. Estimates of rainfall
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FIG. 2. Radar reflectivity at 0.58 elevation angle showing a thunderstorm and GF passing over
the BAO at 2120 UTC 3 May 2015 observed by the KTFG operational radar at Denver.

rate R are derived from the relation Z 5 300 R1.5. We
also determine the parent thunderstorm duration from
downdraft to dissipation stage, which is the time 10 min
prior to the radar fine line detection and the time the
parent thunderstorm dissipated (Z , 20 dBZ).
GF propagation speed is calculated using an observational technique tracking the radar fine line and then
compared to the theoretical propagation speed for
density currents. The observed propagation speed is
calculated by tracking the radar-detected fine lines and
calculating the displacement of the fine line signature over time as it approaches and eventually passes
through the research sites. Considering that radar fine
lines tend to morph into bowing or other irregular
shapes, we account for this by determining an approximately 10-km mean positional swath across the leading
edge of the front as it moves over the instruments. The
swath displacement is then tracked backward to calculate the mean propagation speed between the time the
fine line was first detected and the time it passed over the
instrument.
GFs are considered density currents with dense cold
air propagating into an environment of less dense and
warmer air. Therefore, the theoretical propagation speed
for density currents explicitly incorporates cold-pool perturbations (Du; 8C) and cold-air depth h (m) and can be
considered to be a measure of GF intensity. It is calculated,
following the method of Benjamin (1968), as

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Du
gh ,
c5
u

(3)

where c is the frontal propagation speed (m s21), g is
gravitational acceleration (m s22), and u is the ambient
air temperature (8C). We utilize 10 m measurements
from the towers to calculate the cold-pool perturbation
and ambient temperature prior to frontal passage. Here,
we consider h to be the depth of the trailing cold air
behind the head of each GF. To obtain h, we use the
2-min averaged vertical temperature profiles from the
microwave radiometer between the surface and 6 km
and determine the height at which the differences in
temperature before and after the passage time is less
than 18C, which corresponds to the accuracy of the
temperature retrieval. The heights are determined with
an accuracy of about 6 20 m. Both radar-derived and
theoretical propagation speed are analyzed and compared across all GF events.
For each GF that passed over the instrument site, we
analyze the change in wind speed, wind direction, temperature, and relative humidity during the GF passage
(referred to as magnitude change) and the time over
which this magnitude change occurs (referred to as rate
change). Magnitude and rate change are analyzed separately for each variable and measurement height (see
example of GF-induced wind speed change in Fig. 3). To
unambiguously identify the GF passage, an approximate
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TABLE 2. List of dates for each of the 24 GF events and their
corresponding campaign. Multiple GF events occurred on 4 and 16
Jun 2015 at the XPIA campaign site. The GF passage time is also
included for each case.
NWTC

FIG. 3. Remotely sensed temporal evolution of wind speed at
40 (black solid line), 100 (blue dashed line), and 140 (red dotted
line) m during a GF passage on 5 May 2015 over the BAO site. The
white areas indicate the time 30 min prior to and 30 min after
the radar-derived GF passage time. The yellow box represents the
GPP. The green areas represent the 5-min intervals for which each
variable is averaged to calculate the difference in the boundary
variable prior to and after the GPP.

time over which GFs pass over the research sites is first
derived by using KFTG radar data. In situ and remote
sensing data are then analyzed 30 min before and 30 min
after the radar-derived GF passage time (white shading
shown in Fig. 3). Within this time frame, we determine
the time period over which the largest gradient in the
atmospheric variables occurs for each height level and
each variable [yellow box in Fig. 3, referred to as GF
passage period (GPP)]. Note that the GPP can differ
depending on the instrument, measurement height, variable, and event. However, for the events discussed here
the typical GPP for most of the variables occurs within
the same time frame for each case, and the variance in
GPP with height is negligible.
We then quantify the magnitude change for each
variable by taking the difference between the 5-min
mean of the variable prior to and after the GPP (green
boxes in Fig. 3). We perform a sensitivity analysis
comparing 5-, 15-, and 30-min averages to determine
which averaging time most accurately represents the
change in GF variables (not shown). The results indicate
that a 5-min period most accurately represents conditions prior and after the GPP for the cases analyzed in
this study. The magnitude change is then divided by the
GPP to obtain a gradient value normalized by the duration for each variable or rate change. We conduct a
t test to determine if the differences in magnitude and
rate change between any of the variables observed at
the NWTC and BAO are statistically significant when
comparing the two study sites. As no statistically significant difference between the datasets is found ( p 5 0.05),

XPIA

Date

Time of passage

Date

Time of passage

5 Jun 2012
2 Jul 2012
7 Jul 2012
16 Jul 2012
25 Jul 2012
27 Jul 2012
1 Aug 2012
18 Jun 2013
23 Jun 2014
25 Jun 2014
26 Jun 2014
27 Jun 2014

0115 UTC
2314 UTC
2218 UTC
2141 UTC
2128 UTC
1819 UTC
2112 UTC
0244 UTC
0042 UTC
2113 UTC
0141 UTC
0722 UTC

3 May 2015
31 May 2015
1 Jun 2015
3 Jun 2015
4 Jun 2015 (1)
4 Jun 2015 (2)
7 Jun 2015
13 Jun 2015
16 Jun 2015 (1)
16 Jun 2015 (2)
24 Jun 2015
25 Jun 2015

2120 UTC
2022 UTC
1941 UTC
2353 UTC
2257 UTC
2324 UTC
2251 UTC
2251 UTC
2235 UTC
2317 UTC
2345 UTC
2151 UTC

we combine the measurements from the BAO and the
NWTC sites and conduct a joint analysis of the 24 GF
events.
Vertical profiles of changes in atmospheric variables
are derived combining all available GF events. Note that
while most measurement heights have data from only
one instrument for each event, there are a few heights
(10, 50, 80, 100, 300 m) where the instrument platforms
overlap. At heights where an overlap occurs, we first
merge the two datasets by averaging the measurements
between the two instrument platforms. Differences in
temperature are typically within 618C when comparing
the radiometer and in situ temperature probes and
61 m s21 for horizontal wind between the lidars and
wind anemometers. Vertical motion differences are
negligible, within 60.5 m s21 when comparing direct
measurements from the 3D sonic anemometers and derived measurements using the v1 lidar DBS approach.
Once we have data points representing each event for
each measurement height, we calculate median and
interquartile ranges.

4. Results
a. Radar and gust front depth analysis
During the instrument deployments, thunderstorms
develop within close proximity to the study sites on
118 days with only 22 (;17%) days where observed radar fine lines propagate through the study sites (Table 2).
As multiple GFs passed through the instrument sites on
2 separate days, a total of 24 GF events are included
in the following analysis. Ten (;42%) of the 24 GFs
initiate from single-cell thunderstorms, 13 (;54%)
initiate from multicell cluster thunderstorm complexes,

Unauthenticated | Downloaded 01/09/23 08:27 AM UTC

3274

MONTHLY WEATHER REVIEW

VOLUME 148

FIG. 4. Box-and-whisker plots of radar-derived parent thunderstorm characteristics.
Variables analyzed include (a) duration from the time 10 min prior to GF detection and the
time the parent thunderstorm dissipated (Z , 20 dBZ) (min), (b) parent thunderstorm
maximum radar echo tops 10 min prior to GF detection (km), (c) parent thunderstorm
maximum rainfall rate from the lowest to highest can angle 10 min prior GF detection
(mm h21), and (d) parent thunderstorm areal extent of Z $ 35 dBZ at the lowest scan angle
10 min prior to GF detection (km2). The filled box represents the interquartile range. The
whiskers extend to data points that fall within 1.5 times the interquartile range of the lower
and upper quantiles. Outliers that fall beyond this range are independently represented by
diamond symbols.

and 1 (4%) event stems from a supercell thunderstorm
where rotation was evident in the radar Doppler velocity
field. After the thunderstorms generate a GF, they
continue to persist on average for another 58 min, with
a minimum persistence time of 31 min and a maximum
of 180 min (Fig. 4a). Additionally, the median echo-top
height 10 min prior to the first detection of each radar
fine line was 9.1 km and the maximum related to the
supercell thunderstorm was 16.8 km (Fig. 4b). Maximum
rainfall rates 10 min prior to the first detection of each
radar fine line ranges from 2.3 to 6.9 mm h21 (Fig. 4c).
Medium maximum areal extent within the 35-dBZ isoline of each thunderstorm is 108 km2, with a maximum
areal extent of 527 km2 (Fig. 4d).
Of the 24 GF events, 5 (;21%) GFs propagate from
the southwest (rose diagrams in Fig. 1), 2 (;8%) propagate from the southeast, 1 (;4%) propagates from the
east, 7 (;29%) propagate from the northeast, 3 (;13%)
propagate from the north, and 6 (25%) propagate from
the northwest. The median radar-derived GF propagation speed at time of passage is 7.6 m s21 with a maximum and minimum propagation speed of 16.6 and
1.2 m s21, respectively (Fig. 5a). Bryan and Rotunno
(2008) show that observed GF propagation speed in the
atmosphere can be as much as 25% slower relative to the
theoretical speed, which applies better to laboratory
flow or shallow density currents. Deeper atmospheric

cold pools often show larger variations in density with
height compared to laboratory flow. Faster theoretical
propagation speeds are also observed in the cases discussed here with median values of 13.0 m s21 and maximum and minimum propagation speeds of 24.6 and
4.7 m s21, respectively. The correlation between radarderived propagation speed and the theoretical density
current speed is 0.36 (statistically significant at p , 0.10).
While the depth of the observed cold pool is discussed
later, we will now focus on the role of ambient wind
ahead of the GF, which is not included in the theoretical
propagation speed [Eq. (3)].
If we consider the influence of the prefrontal crossfront ambient wind component in the theoretical
propagation speed calculation (following Simpson
and Britter 1980; Jorgensen et al. 2003), we find that
the theoretical propagation speed decreases in each
case and the correlation between observed and theoretical propagation speed increases to 0.48 (statistically
significant at p , 0.05). Fitting the observed propagation
speed to the prefrontal ambient wind through linear
regression (Fig. 6), we find that faster GFs often do not
have stronger tailwinds with R2 5 0.2 (statistically significant at p , 0.05). Since the ambient wind is not a
strong determining factor for GF propagation speed in
the cases discussed here, we will next investigate the role
of topography.
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FIG. 5. Box-and-whisker plots of radar-derived thunderstorm and GF characteristics. Variables analyzed include
(a) radar-derived propagation speed (m s21), (b) distance from parent thunderstorm (PTS) (km), and (c) cold-air
depth (m). The filled box represents the interquartile range. The whiskers extend to data points that fall within
1.5 times the interquartile range of the lower and upper quantiles. Outliers that fall beyond this range are independently represented by diamond symbols.

Radar animations show that for GFs propagating
from the north, the western periphery of these GFs
drags along the Colorado Front Range mountains as
they approach both instrument sites (figures not shown).
This drag might be the reason that the southwardmoving GFs are slower (mean propagation speed of
6.6 6 3.3 m s21), relative to the other propagation directions with a collective mean propagation speed of
10.1 6 3.8 m s21. The differences in observed propagation
speed among these groups are statistically significantly
different at p , 0.05; differences in theoretical propagation
speed are statistically significantly different at p , 0.05,
with and without the inclusion of the prefrontal cross-front
ambient wind component. The prefrontal cross-front
ambient wind speed is on average 4.0 m s21 for southwardmoving GFs, and 3.7 m s21 for all other propagation directions. However, when we also consider the direction of
the ambient wind component in relation to the propagation vector, the prefrontal wind decelerates the southwardmoving GFs on average by 20.3 m s21 and accelerates the
non-southward-moving GFs on average by 12.6 m s21.
Furthermore, at the BAO, all except GFs from the
southwest propagate uphill (Fig. 7a), but the slope variability is the largest from the north and northwesterly directions (Table 3). At the NWTC, GFs approaching from
the north, northeast, east, and southeast must travel uphill
to reach the study site (Fig. 7b) with the highest variability
in slope when they propagate from northeast and north
(Table 3). Because the six slowest GF events approached
the BAO and NWTC sites from the north and northwesterly
directions, both higher variability in slope and elevation
are hypothesized to have contributed to the deceleration
of GFs for those size events. Especially considering
that the prefrontal cross-front ambient wind component
marginally contributes to the deceleration of southwardmoving GFs. Conversely, for non-southward-moving GFs,
perhaps the acceleration due to the prefrontal cross-front
ambient wind coupled with encountering less terrain slope
variability partially explains the faster propagation speeds
from these events.

As the spreading cold air of the GF begins to warm
due to mixing and friction as it propagates farther away
from the parent thunderstorm, the pressure gradient and
surface winds weaken (Cotton et al. 2011). Distance
from the parent thunderstorm at the time of passage in
combination with the cold-pool depth and temperature
difference between GF and ambient air can be used to
characterize GFs (Craig Goff 1976; Cotton et al. 2011).
In our study, the median distance from the parent
thunderstorm at time of passage is 38 km across all
24 GF events (Fig. 5b). The correlation between distance from parent thunderstorm and maximum wind
gusts observed at the 10-m measurement height is
negative at 20.32 (not statistically significant) (Fig. 8).

FIG. 6. Comparison of radar-derived propagation speed (m s21)
as a function of the prefrontal cross-front ambient wind component
(m s21). The prefrontal cross-front ambient wind components are
derived by wind anemometers deployed on towers and measured
at 10 m above the surface. The variance explained is listed in the
upper-right corner. In addition, a linearly regressed fit is plotted
as the solid blue line. The light-blue-shaded regions surrounding
the regressed fit represent the 95% confidence intervals of the
regression. In addition, the fitted distribution for each axis is
displayed as histograms.
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FIG. 7. Terrain height MSL (km) along a 30-km path extending from each GF propagation
direction at (a) BAO and (b) NWTC. Terrain profiles are derived using data from the 1/ 3 arc-s
U.S. Geological Survey (USGS) National Elevation Dataset (NED).

Adding cold-pool depth and temperature difference
shows that deeper cold air and larger temperature drops
often but not always cause stronger wind gust events,
which have a similar distance to their parent thunderstorm. The mean cold-air depth during GF passage is
360 m with a maximum cold-air depth of 610 m and a
minimum of 220 m (Fig. 5c). The correlation between
cold-air depth and the maximum wind gusts near the
surface is 0.50 (statistically significant at p , 0.05),
supporting the theory that deeper cold air can induce
stronger horizontal wind gusts (Benjamin 1968; Rotunno
et al. 1988; Jorgensen et al. 2003). Similarly, the correlation between cold-air depth and the temperature
drop near the surface is 0.48 (statistically significant at
p , 0.05). Furthermore, the theoretical propagation
speed (including the prefrontal ambient wind), which
incorporates both cold-air depth and temperature
deficit, also has a positive yet slightly lower correlation with temperature drop of 0.44 (statistically significant at p , 0.05). Both of these correlations suggest
that deeper cold air also causes stronger temperature
drops near the surface in these 24 GFs. Last, the cold-air
depth across the 24 GFs in this study is positively

correlated with both the radar-derived propagation
speed (r 5 0.30) and the theoretical propagation speed
(including the prefrontal ambient wind) (r 5 0.62),
supporting the theory that deeper cold air leads to faster
propagating GFs (Benjamin 1968; Rotunno et al. 1988;
Jorgensen et al. 2003).

b. Magnitude and rate change during GF passage
1) HORIZONTAL WIND SPEED
The horizontal wind speed is observed by the lidars
and tower anemometers to increase during GF passage
in all analyzed events. Between the surface and 300 m
AGL, the median magnitude change in wind speed with
height ranges between 1 and 8 m s21 (black solid line in
Fig. 9a). Lower magnitude changes , 4 m s21 are observed close to the surface (,25 m AGL). Above 25 m,
median magnitude changes are 4–5 m s21. A peak in
magnitude change of 8 m s 21 is observed at 120 m.
Four outlier events that extend beyond 1.5 times the
interquartile range observe magnitude change in wind
speeds upward of 6–12 m s21. The duration of the wind
speed change during GF passage ranges between 7 and

TABLE 3. Standard deviation of slope (8) and elevation (km) along a 30-km path extending from each GF propagation direction at both
study sites. Elevation and slope calculations are based on data from the 1/ 3-arc-s USGS NED.
BAO

NWTC

Direction

Slope std dev (8)

Elev std dev (km)

Direction

Slope std dev (8)

Elev std dev (km)

SW
SE
E
NE
N
NW

2.9
9.1
9.8
4.0
18.8
19.1

0.07
0.02
0.02
0.04
0.03
0.03

SW
SE
E
NE
N
NW

0.2
7.6
3.4
11.9
24.3
0.4

2.2
0.07
0.08
0.09
0.08
2.7
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FIG. 8. Comparison of maximum wind gusts as the gust fronts passed over the instrument
(m s21) as a function of distance from parent thunderstorm at time of GF passage (km).
Maximum wind gusts are derived by wind anemometers deployed on towers and measured at
10 m above the surface. The variance explained is listed in the lower-right corner. In addition,
a linearly regressed fit is plotted as the solid blue line. The gray-shaded regions surrounding
the regressed fit represent the 95% confidence intervals of the regression. Larger-sized data
points represent GFs with thicker trailing cold-air depths. Darker blue data points represent GFs associated with stronger temperature drops near the surface as they pass over the
instruments.

13 min across all 24 events. The resulting median rate
change in wind speed between the surface and 300 m
AGL ranges between 0.2 and 0.7 m s21 min21 with nine
outlier events where rate changes are . 1.5 m s21 min21
(Fig. 9b).
We also investigate if the propagation speed of GFs
is correlated to the maximum near surface wind gusts
(Craig Goff 1976; Mahoney 1988) as these gusts can
influence fire spread. When correlating the radar-derived
propagation speed to the maximum wind gusts measured
at 10 m in this study, the relationship is positive and
moderately strong with a correlation of 0.68 (statistically
significant at p , 0.05) and an R2 value of 0.46 (Fig. 10a).
The correlation is slightly lower at 0.61 when correlating
the theoretical speed (including the prefrontal ambient
wind) to the maximum observed wind gusts, yet still explains 37% of the variance in maximum wind gusts near
the surface (Fig. 10b). Using tower observations from
20 gust fronts in Oklahoma, Craig Goff (1976) developed an empirical relationship between observed maximum wind gust and GF propagation speed of 1.49. In
this study, we find the ratio of maximum wind gusts to
radar-derived propagation speed to be 1.18. Mahoney
(1988), who studied 30 GFs in the Colorado Front
Range, also found a slightly higher ratio of 1.50. Larger
ratios observed by Mahoney (1988) and Craig Goff
(1976) results primarily from higher mean maximum
wind gusts [12.8 m s21 in both Craig Goff (1976) and
14.5 m s21 in Mahoney (1988)].

2) WIND DIRECTION
Wind direction change associated with GFs is critical,
as shown by several documented fire events in which the
sudden change in wind direction from a passing GF led

FIG. 9. Vertical profiles showing the (a) magnitude change
(m s21) and (b) rate change (m s21 min21) of wind speed (wsp) for
the 24 events observed by the WindCube lidars and anemometers
deployed on towers. The filled gray area represents the interquartile
range, with the 25th (Q1) percentile denoted by the dashed red line
and the 75th (Q3) percentile denoted by the green dashed line. The
filled circles indicate measurement points. The duration of wind
speed change ranged from 7 to 13 min across all 24 events.
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FIG. 10. (a) Comparison of maximum wind gusts as the GFs passed over the instrument (m s21) as a function of
propagation speed derived from the radar (m s21) and (b) from the theoretical density current equation for
24 events. The variance explained is listed in the upper-right corners. In addition, linearly regressed fits are plotted
as the solid blue lines. The light-blue-shaded regions surrounding the regressed fits represent the 95% confidence
intervals of the regressions. In addition, the fitted distributions for each axis is displayed as histograms.

to loss of lives and property. Regardless of whether
winds back or veer, here the median absolute magnitude
change in wind direction ranges between 108 and 608 at
all measurement heights observed by the lidars and
anemometers (Fig. 11a). Similar to horizontal wind
speed, the duration for wind direction change ranges
between 7 and 16 min across all GF events. The resulting
median rate change in wind direction is also nearly
uniform in height ranging between 18 and 68 min21
(Fig. 11b), suggesting that the rate at which the winds
shift directions is mostly uniform through the lowest
300 m AGL. Outlier events are observed at all measurement heights and range from 148 to 368 min21.

GF passage for each the analyzed events. Median
mean TI varies between 0.06 and 0.2 between the
surface and 300 m AGL (Fig. 13a). Nine events experience maximum TI . 0.6 during GF passage
(Fig. 13b), while TI . 0.3 occur during 14 GF events.
Median mean TKE (gustiness of the 3D wind) ranges
from 0.2 to 1.7 m2 s22 between 15 and 300 m (Fig. 14a).
Maximum TKE is . 4 m2 s22 during 14 of the 24 GF
events with a maximum of 6.2 m2 s22 during one event
(Fig. 14b).

3) VERTICAL MOTION
Vertical motion along the leading edge of all analyzed
GFs behave as expected with maximum updrafts observed immediately prior to GF passage, followed by a
spike in downward motion behind the leading edge of
the boundary. Here, the median maximum updraft velocity
observed using both the lidars and 3D sonic anemometers
ranges between 0.4 and 2.0 m s21 between 15 and 300 m
AGL (Fig. 12a), with the median maximum downdraft
velocity ranging between 20.3 and 21.2 m s21 (Fig. 12b).
Six events experience maximum vertical motion . 2 m s21
with a maximum updraft of 3.6 m s21 at 300 m during one
event measured.

4) TURBULENCE
Turbulence observed by the lidars and anemometers also behaves as expected by increasing during

FIG. 11. As in Fig. 9, but showing the (a) magnitude change (8)
and (b) rate change (8 min21) in wind direction (wdir) observed by
the lidars and tower anemometers. The duration of wind direction
change ranged from 7 to 16 min across all 24 events.
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FIG. 12. As in Fig. 9, but showing the (a) maximum upward velocity (m s21) and (b) maximum downward velocity (m s21) observed by the lidars and tower anemometers.

5) TEMPERATURE
Atmospheric temperature measured by the radiometer
and tower probes decreases during passage in all 24 GF
events dropping on average by 0.28–38C between 2 and
300 m AGL (Fig. 15a) with five outlier events with temperature drops of .68C extending beyond 1.5 times the
interquartile range. The duration of temperature change
ranges between 5 and 10 min across all 24 GFs. The resulting
median rate of temperature change does not vary much with
height, ranging between 20.04 and 20.38C min21 from
2 to 300 m AGL (Fig. 15b). During nine events rate
changes of .0.58C min21 are observed.

6) RELATIVE HUMIDITY

3279

FIG. 13. As in Fig. 9, but showing the (a) mean and (b) maximum in
TI observed by the lidars and tower anemometers.

supercell thunderstorms, squall lines, or MCSs in flatter
regions can be challenging considering that there is little
uniformity on how to quantify and characterize parent
thunderstorms in GF studies. MCS thunderstorms,
for example, are characterized by having a region of
Z $ 40 dBZ that extends more than 100 km in at least
one direction, and with durations between 3 and 24 h
(e.g., Houze 1993; Parker and Johnson 2000; Schumacher
and Johnson 2006). Other interpretations require
reflectivity of at least 35 dBZ along at least 50% of the
100-km thunderstorm line to be considered an organized
MCS (Provod et al. 2016). Supercell thunderstorm are
usually not characterized by spatial extent but rather
having a lifetime of 1–4 h, a weak echo region, a mesocyclone, high lightning flash rate (Moller et al. 1994;

Coincident with the decrease in temperature, relative
humidity increases during GF passage during all 24
events. Here, median relative humidity measured by the
radiometer and tower probes increases by 1%–8% between 2 and 300 m AGL as the GFs pass over the instruments (Fig. 16a). However, two outlier events at 2 m
experience a stronger magnitude increase in relative
humidity greater than 30%. The median duration for
relative humidity change is short at 10 min across all 24
GFs. The resulting median rate of change in relative
humidity ranges between 0.1% and 0.8% min21 with
little variation with height (Fig. 16b). Six outlier events
are observed where the rate change is . 3% min21.

5. Discussion
a. Parent thunderstorm characteristics
Comparing parent thunderstorm characteristics observed
in this study to studies of organized thunderstorms like

FIG. 14. As in Fig. 9, but showing the (a) mean (m2 s22) and
(b) maximum (m2 s22) in TKE observed by the lidars and tower
anemometers.
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FIG. 15. As in Fig. 9, but showing the (a) magnitude change (8C)
and (b) rate change (8C min21) in temperature T observed by the
radiometer and temperature probes on the towers. The duration of
temperature change ranged from 5 to 10 min across all 24 events.

FIG. 16. As in Fig. 9, but showing the (a) magnitude change (%)
and (b) rate change (% min21) in relative humidity (RH) observed
by the radiometer and moisture probes on the towers. The median
duration of relative humidity change is 10 min across all 24 events.

Bunkers et al. 2006). Given these inconsistencies and
lack of uniformity, here we discuss the general characteristics of the primarily single and multicell thunderstorms in this study.
The median parent thunderstorm duration of 58 min
(Fig. 4a) across the 24 GF events in this study is typical
for single and multicell thunderstorms. In addition,
the median maximum areal extent (within the region
with Z $ 35 dBZ) of 108 km2 (Fig. 4d) is also indicative of spatially smaller thunderstorms. Rainfall rates
and echo-top heights in the parent thunderstorms discussed here are also low. The maximum rainfall rate
prior to GF detection was on average ;5 mm h21, with
minimum rain rates as low as 2–3 mm h21 and maximum
rain rates as high as 6–7 mm h21 (Fig. 4c), typical of
lower-reflectivity thunderstorms. Furthermore, while organized MCS or squall-line thunderstorms might feed
and maintain GFs for a long time (Wilson and Schreiber
1986; Weisman and Klemp 1986; Engerer et al. 2008), in
our study parent thunderstorms disconnected from the
GF by either remaining stationary or propagated in opposite directions. Maximum echo tops (median 5 9.1 km;
Fig. 4b) across the 24 GFs in this study are also subdued;
however, high convective available potential energy
(CAPE) thunderstorms generally have higher echo
tops than lower CAPE thunderstorms. Therefore, the
low echo-top heights observed here may be driven by
differing CAPE, rather than thunderstorm type and
magnitude.

Organized supercell or linear thunderstorms in the
Colorado Front Range are rare, and, therefore, the low
rainfall rates, small areal extents, and short durations
from the primarily single and multicell parent thunderstorms in this study are representative of the thunderstorms that typically initiate across the mountains in the
Colorado Front Range.

b. Cold-air depth
Density differences across the GF and the depth of
cold air trailing thunderstorm GFs are related to their
propagation speed, wind gusts, and associated changes
in other atmospheric characteristics near the surface
(Benjamin 1968; Craig Goff 1976; Mahoney 1988; Rotunno
et al. 1988; Jorgensen et al. 2003). The mean cold-air depth
of 360 m across the 24 GFs is much shallower when compared with studies of GFs from organized convection in
flatter regions where cold pools are mainly ;0.5–2 km
deep but can reach depth of .4 km in MCSs (Wakimoto
1982; Roux 1988; Bryan 2005; Bryan and Parker 2010;
Cotton et al. 2011). Mahoney (1988) also measured
an average depth of 1.2 km across 30 GFs observed in
the Colorado Front Range, deeper than the cold air
measured here.
However, establishing a relationship between coldpool depth and changes in atmospheric characteristics
across different studies is often limited to the differences
in how and where cold-pool depth is determined. Cold-air
depth is sometimes derived using temperature profiles
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from in situ measurements (e.g., Wakimoto 1982; Roux
1988; Bryan and Parker 2010), while other methods determine cold-pool depth through the kinematic field
using Doppler radar data (e.g., Mahoney 1988). Similarly,
studies measure the cold-pool depth at different GF
stages or distances from the parent thunderstorm, as well
as determine the depth either through continuous tracking (Lagrangian approach; e.g., Mahoney 1988; Bryan
and Parker 2010) or by taking a measurement at a single
fixed location in time (Eulerian approach; e.g., Wakimoto
1982; Roux 1988). As we use an Eulerian approach limited to a fixed instrumentation site, we may not capture
the deepest cold air associated with the peak intensity of
each of the 24 GFs. Instead, we generally characterized
weaker, older boundaries that were farther away from
their parent thunderstorms (median distance 5 38 km)
and therefore may have already mixed with the warmer
environmental air before passing through the study sites.
Similarly, Mahoney (1988) also notes that for the 30 GFs
in the Colorado Front Range they analyzed, it was the
older, weaker boundaries that generally had shallower
cold-air depths.

c. Horizontal wind speed
Wind dynamics associated with passing GFs can
rapidly change fire behavior, which can limit response
effectiveness and, most important, threaten firefighter
lives (Joint Fire Science Program 2017). During the 2013
Arizona Yarnell Fire GF accident, for example, the
nearest surface meteorological station measured GF
wind speed change in the 13–17 m s21 range during the
GF interaction with the fire (Karels and Dudley 2013).
In addition, during the Florida Ransom Road Fire in
1981, GF-induced wind speed change of 3–10 m s21 and
maximum wind gusts as high as 23 m s21 were measured
at a nearby meteorological tower during the period
when two individuals were engulfed by the fire (Haines
1988). The magnitude wind speed changes of 1–8 m s21
(with outliers of 6–12 m s21, and maximum wind gusts
as high as 17.4 m s21) observed along the Colorado
Front Range are comparable to those observed during
those fires.
Although the median magnitude change in horizontal
winds appear to vary little with height, a low-level jetlike
profile (or ‘‘GF nose-shape’’ profile) is observed to peak
near 120 m AGL (Fig. 9a). Similar low-level jetlike
structures and maximum horizontal winds near 120 m
have been observed and modeled in other GF studies
(Hjelmfelt 1988; Bowen 1996; Kwon and Kareem 2009;
Kwon et al. 2012). Considering that typical tower heights
for utility wind turbines range between 45 and 105 m
(American Wind Energy Association 2008; Kwon et al.
2012), low- to midrise structures would potentially be

exposed to the maximum median change in horizontal
winds observed across the GFs in this study.
Mean rate change in wind speed of 0.2–0.7 m s21 min21
(with rate changes of .1.5 m s21 min21 for individual cases) observed along the Colorado Front Range are also
lower than in other studies. Zhang et al. (2018) observe a
wind speed rate change of 1.5–2 m s21 min21 over 10 min in
88 (63%) of 141 GFs that are detected along the coastal
plains of the northern Mediterranean Sea coast. They
observe wind speed rate changes from 2 to 3.5 m s21 min21
during the remaining 53 (37%) GF events.
The mean maximum horizontal wind gusts observed
near the surface in this study is 7.9 m s21, weaker than
what is typically associated with GFs that initiate from
organized convection in flatter terrain. For example,
mean maximum wind gusts of 15 m s21 are associated
with 39 GFs that initiated from organized MCSs in
Oklahoma (Engerer et al. 2008). Since most of the GF
events in this study originate from single and multicell
thunderstorms, the difference in organization and downdraft strength (i.e., depth of cold air at time of passage)
may explain the weaker mean maximum wind gusts observed in this study. However, Mahoney (1988) observed
mean maximum wind gusts of 12–14 m s21 along 30 GFs in
the Colorado Front Range with several events occurring
near the BAO tower. Therefore, GF-induced maximum
wind gusts in this region can most definitely exceed the
gusts associated with the GFs in this study.

d. Wind direction
While many studies emphasize the important role of
wind direction change on fire behavior and intensity
(Castro and Anderson 1981; Haines 1988; Goens and
Andrews 1998; Kern et al. 2004; Johnson et al. 2014;
Sharples et al. 2017), only few quantify change in wind
direction associated with GF passages. During the 2013
Arizona Yarnell Hill Fire GF accident, the wind direction shifted 908 during the GF passage, which undermined the decision-making of the firefighters (Karels
and Dudley 2013). While thermodynamic variables like
temperature change are weaker along the Colorado
Front Range, the magnitude of wind direction ranges is
still significant between 108 and 608 in our study, strong
enough to significantly redirect fire behavior (Castro and
Anderson 1981; Goens and Andrews 1998; Kern et al.
2004; Karels and Dudley 2013; Johnson et al. 2014).

e. Vertical motion
Understanding the location and strength of both the updraft and downdraft velocities associated with the leading
edge of GFs is important for the landing and takeoff of
airplanes (Federal Aviation Administration 1988, 2008,
2013; O’Connor and Kearney 2019). Vertical motion along
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the leading edge of GFs from organized severe supercell
and MCS thunderstorms often exceeds 6 m s21 and, in
extreme cases, can reach upward of 15 m s21 (Charba 1974;
Craig Goff 1976; Wakimoto 1982; Martner 1997; Bryan and
Parker 2010). GFs discussed in this study mainly observed
weaker vertical velocities with maximum vertical motion in the 2–3.6 m s21 range.
The weaker vertical motion observed across the GFs
in this study may be related to the shallow cold air (mean
depth 5 360 m) measured on average about 38 km from
the parent thunderstorm (see section 5b). Similar mean
cold-air depths (;330 m) and maximum updrafts (between 1.1 and 3.1 m s21) are observed across 25 GFs
from nonsevere, shallow convective systems in Wilbanks
et al. (2015). In contrast, deeper cold air is present in
many studies that feature stronger vertical motion along
GFs from severe supercell and MCS thunderstorms
(Charba 1974; Craig Goff 1976; Wakimoto 1982; Bryan
and Parker 2010). Similarly, Mahoney (1988) who tracked
the evolution of two colliding GFs (with cold-air depths of
;1.5–2 km) in the Colorado Front Range measured
updrafts in the 3–9 m s21 range. Therefore, observing
stronger vertical motion along GFs in the Colorado
Front Range is possible, especially if measurements are
taken during the time when the deepest cold air is
present. Here, however, the average cold-air depth at
time of GF passage is shallow, perhaps explaining the
relatively weak maximum updrafts.

f. Turbulence
The mean TI during GF passage observed in this study
is similar to other studies that focus on GF loading effects on wind energy structures. For example, the mean
TI observed during 144 GF events along the northern
Mediterranean coastline ranged from 0.08 to 0.18 (Zhang
et al. 2018), similar to the 0.06–0.20 TI range observed
in this study. High-turbulence environments (TI . 0.3;
TKE . 4 m2 s22) have been linked to increased wear
on wind turbines and an increase in operation and
maintenance costs (Manwell et al. 2002; International
Electrotechnical Commission 2005; Nguyen et al. 2011;
Hadi et al. 2015; Lu et al. 2019). Considering that we
observe short-duration spikes in maximum TI and TKE
exceeding 0.3 and 4 m2 s22, respectively, turbulence induced by the GF events along the Colorado Front
Range could be strong enough to potentially negatively
influence wind energy structures (Manwell et al. 2002;
Hadi et al. 2015; Zhang et al. 2018). TI values between
0.1 and 0.2 and TKE values around 2 m2 s22 are typically
associated with the convective boundary layer (Stull
1988; Kumer et al. 2016). Short-duration spikes in
TI and TKE during the passage of these GF events
also often exceeded the turbulence associated with
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general buoyancy during unstable boundary layer
conditions.

g. Temperature
Rapid shifts in temperature and moisture content associated with GF passage can also heavily influence fire
behavior and spread near the surface (Hanley et al.
2013; Coen and Schroeder 2017; Coen et al. 2018).
Cooler temperatures and increased moisture content
from passing boundaries are associated with diminishing
fire growth and intensity. For example, a decrease in fire
intensity was observed during the 2004 East Fork Fire
near Tallahassee, Florida, as a sea-breeze boundary interacted with the fire and filtered in cooler, moist ocean
air (Hanley et al. 2013). A period of slowed fire growth
during the 2014 California King Fire was also observed
and partly attributed to an increase in atmospheric
humidity (Coen et al. 2018).
Temperature decreases observed in our study (0.28–38C
with up to 68C) are again subdued relative to other
studies. Temperature drops between 1.88 and 13.18C are
observed at the surface from 38 GFs in Niger, Africa,
that initiated from organized MCSs (Provod et al. 2016).
Similarly, temperature drops beyond 108C were observed for most of 39 GF events that spawned from MCS
events in Oklahoma, with a maximum drop of 17.18C
(Engerer et al. 2008). The shallow cold air (mean depth 5
360 m) measured at time of passage across the 24 GFs in
this study may partially explain the weaker temperature
drops observed here compared to the MCS initiated GFs
studied in Provod et al. (2016) and Engerer et al. (2008).
However, direct comparisons with Provod et al. (2016)
and Engerer et al. (2008) are difficult considering their
methods used to calculate temperature deficits differed from this study in that they subtract the maximum temperature before the GF from the minimum
after the GF, as opposed to using an averaging technique
like the one applied here. Therefore, conclusions drawn
from comparing temperature deficits from the mostly
single and multicell thunderstorm GFs in this study to
the MCS initiated GFs in those studies are somewhat
limited.

h. Relative humidity
To put the magnitude changes of relative humidity of
1%–8% observed along the Colorado Front Range in
perspective, an increase in relative humidity of ;20%
was observed over a period of slowed fire growth during
the 2014 California King megafire (Coen et al. 2018).
Likely, then, the increase in relative humidity observed
during the 24 GF events in this study would not contribute to the diminished fire intensity. The increase in
wind gusts associated with GF passage would most likely
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overshadow any diminishing effects from the drop in
temperature and rise in moisture content.

6. Conclusions
Knowledge of GF propagation and atmospheric characteristics predominantly stems from studies of organized
and severe supercell or MCS thunderstorms that develop
in flatter terrain regions. This study focuses on GFs from
mainly single and multicell thunderstorms in and near
complex terrain in the Colorado Front Range, east of the
Rocky Mountains. In this study, in situ and remote
sensing observations are combined to quantify the magnitude and rate change of atmospheric variables that
occur in 24 GF events. Horizontal wind, turbulence (TI
and TKE), vertical velocity, temperature, and humidity
are analyzed in the lowest 300 m AGL using a remote
sensing microwave radiometer, wind-profiling lidars, and
in situ data from three meteorological towers. The main
findings from this analysis are:
d

d

d
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The median radar-derived propagation speed was
7.6 m s21 with a maximum of 16.6 m s21, and the influence of the prefrontal cross-front ambient wind
component on propagation speed was found to be
negligible. However, GFs that encountered higher
variability in terrain and slope (from the northerly
directions) were on average slower (6.6 6 3.3 m s21)
when compared with the other propagation directions (10.1 6 3.8 m s21). Variability in terrain slope
and elevation influenced the propagation speed of
GFs in this study.
Magnitude changes in temperature (0.28–38C), maximum vertical velocities (2–3.6 m s21), and maximum
wind gusts (mean 5 7.9 m s21) observed here are
generally weaker than in studies of GFs initiating from
organized, severe thunderstorms in flatter terrain. The
average cold-air depth is about 360 m, shallower than
in other studies, which may explain the weaker magnitude changes observed in this study.
While most wind energy GF studies focus on quantifying turbulence using 2D TI, this is one of the first
studies that also evaluates the 3D TKE associated with
GFs. Short-duration spikes in TKE (.4 m2 s2) occur
in 14 (58%) of the 24 GF events, exceeding TKE
values often associated with unstable boundary layer
conditions.

Comparing GF characteristics among different types
of thunderstorms and in different terrain is often challenging considering that methods and instruments used
in GF studies are not always uniform. In particular,
calculating the change in GF atmospheric characteristics
is highly dependent on the interpretation of when the

boundary passed over the instruments. A more uniform
understanding of how to quantify the GF passage time
would help to better facilitate regional comparisons. A
future observational study could, therefore, address the
influence of terrain on propagating GFs by comparing
the magnitude change in GF boundary variables in this
study to the magnitude change in GF boundary variables
from single- or multicell thunderstorms in flatter terrain
using similar methods and instruments. A future study
should also expand this analysis to surface stations
scattered across the Intermountain West. Statistically
examining many more GF events in the complex terrain
of this region would ideally further our understanding of
how the underlying terrain may influence propagating
GFs. The additional statistics could also help to validate
numerical weather prediction models, which in the past
have shown promise in their ability to accurately model
GFs and other high-impact wind events in mountainous
terrain (Coen and Riggan 2011; Coen et al. 2013; Johnson
et al. 2014; Coen and Schroeder 2017; Coen et al. 2018;
Jiménez et al. 2018; Muñoz-Esparza et al. 2018).
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